The opposite slopes of "Evolution Canyon" in Israel have served as a natural model system of adaptation to a microclimate contrast. Long-term studies of Drosophila melanogaster populations inhabiting the canyon have exhibited significant interslope divergence in thermal and drought stress resistance, candidate genes, mobile elements, habitat choice, mating discrimination, and wing-shape variation, all despite close physical proximity of the contrasting habitats, as well as substantial interslope migration. To examine patterns of genetic differentiation at the genome-wide level, we used high coverage sequencing of the flies' genomes. A total of 572 genes were significantly different in allele frequency between the slopes, 106 out of which were associated with 74 significantly overrepresented gene ontology (GO) terms, particularly so with response to stimulus and developmental and reproductive processes, thus corroborating previous observations of interslope divergence in stress response, life history, and mating functions. There were at least 37 chromosomal "islands" of interslope divergence and low sequence polymorphism, plausible signatures of selective sweeps, more abundant in flies derived from one (north-facing) of the slopes. Positive correlation between local recombination rate and the level of nucleotide polymorphism was also found. adaptive evolution | sequence divergence | genome sequencing
The opposite slopes of "Evolution Canyon" in Israel have served as a natural model system of adaptation to a microclimate contrast. Long-term studies of Drosophila melanogaster populations inhabiting the canyon have exhibited significant interslope divergence in thermal and drought stress resistance, candidate genes, mobile elements, habitat choice, mating discrimination, and wing-shape variation, all despite close physical proximity of the contrasting habitats, as well as substantial interslope migration. To examine patterns of genetic differentiation at the genome-wide level, we used high coverage sequencing of the flies' genomes. A total of 572 genes were significantly different in allele frequency between the slopes, 106 out of which were associated with 74 significantly overrepresented gene ontology (GO) terms, particularly so with response to stimulus and developmental and reproductive processes, thus corroborating previous observations of interslope divergence in stress response, life history, and mating functions. There were at least 37 chromosomal "islands" of interslope divergence and low sequence polymorphism, plausible signatures of selective sweeps, more abundant in flies derived from one (north-facing) of the slopes. Positive correlation between local recombination rate and the level of nucleotide polymorphism was also found.
adaptive evolution | sequence divergence | genome sequencing T hermal gradients play an essential role in the adaptive strategies of many organisms on Earth. An exceptional stress could result in the extinction of populations without initiating an adaptive response, but milder stress might induce adaptive changes to ensure survival. Adaptation to temperature and drought stress can be experimentally explored as a proxy model for adaptive trait complexes and genomic responses to climate change (1) (2) (3) . Compared with laboratory studies, relatively fewer efforts were invested in analyzing the genomic basis of environmental adaptation in natural populations, especially in stressful conditions, or comparing consequences of experimental evolution with those of evolutionary processes in the wild.
Drosophila melanogaster seems to be an ideal model organism to study responses to thermal selection: (i) it can withstand low (i.e., >11°C) and high (<32°C) temperatures (these extremes themselves are stressful as they do not allow development of fullfledged generations) (4, 5) , (ii) it is amenable to experimental evolution, including various thermal regimes, and (iii) its natural populations are differentiated along ecological/thermal gradients with respect to body size, developmental time, and egg size (6) (7) (8) , which is a clear hallmark of temperature being a selective agent. Temperature promotes the evolution of clinal size differences due to the fact that its impact varies in a predicted way along clines (9) . Sampling whole-genome differentiation between opposite ends of a well-studied latitudinal cline of D. melanogaster from the east coast of Australia provided evidence for extensive divergence between temperate and tropical populations, with regulatory and unannotated genomic regions exhibiting the highest levels of differentiation (10) .
A question arises whether a similar genome differentiation can evolve in microclimatically highly heterogeneous microsites, such as the well-studied "Evolution Canyon" (EC) (Lower Nahal Oren, Mt. Carmel, Israel). The opposite slopes of the canyon separated by100 and 400 m at the bottom and top, respectively, show strong abiotic contrasts due to the higher insolation on the south-facing slope (SFS) compared with the north-facing slope (NFS) and differences in temperature and humidity (11) (Fig. 1 ). This microclimatic gradient has considerable consequences for species composition and population genetic structure in a diversity of organisms (12) (13) (14) (15) (16) . Within this system, Drosophila is an excellent model to study the interplay between factors affecting population adaptation and differentiation: selection, migration, sexual behavior, and demography. Interslope migration of flies is easy and was verified by capture-recapture tests in the field (17) . Despite sympatric settings, significant genetic divergence was documented between D. melanogaster populations inhabiting the opposite slopes, including such traits as thermal and drought tolerances, longevity, viability, habitat choice (preferences in oviposition temperature), mate choice (tendency to positive assortative mating), and peculiarities in sexual behavior and courtship song signals, microsatellites, P-element insertions, sequence polymorphism of some candidate behavioral genes and induced expression of heat shock-related genes in response to high temperature treatment (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) .
Significance
The microclimatic contrast between opposing slopes of "Evolution Canyon" (Mount Carmel, Israel) provides a natural laboratory for testing the effects of abiotic factors on biodiversity and population genetic differentiation in a geographical microscale. Drosophila melanogaster fruitflies originating from the opposite canyon slopes are subject to divergent selection leading to slope-specific adaptations, accompanied by incipient mating isolation, all in the face of pervasive demographic processes, including ongoing genetic exchange. We demonstrate that interslope genetic changes in this species accumulate in a number of chromosomal differentiation "islands" and that gene networks related to adaptive responses and reproductive processes are thus significantly affected.
Because these differences persist despite likely gene flow between the two populations, this differentiation pattern may be indicative of a tight linkage and strong selection. To characterize genome-wide differentiation patterns between D. melanogaster populations from the opposing slopes of Evolution Canyon, we used high-coverage whole-genome sequencing. Recent advances in next-generation sequencing technologies and bioinformatics provide a new dimension to the detection of selection and demography signatures at the sequence level. Patterns of sequence polymorphism and divergence were surveyed in relation to their functional implications, especially in the context of previously documented interslope phenotypic differentiation and a tendency to mating isolation.
Results
Genome Scanning for Interslope Differentiation. SNPs showed a "nonneutral" pattern upon comparisons of interslope differentiation for different gene regions, as shown by variation in SNP density among gene regions for all polymorphic SNPs, as well as density of SNPs significantly differentiated between the slopes (Table 1) . Specifically, higher mean SNP density (per kb) was observed in introns compared with coding DNA sequences (CDSs) and UTRs whereas the lowest SD for the between-gene variation was observed in CDSs and 3′ UTRs, and highest in 5′ UTRs and introns. The analogous variation in the density of interslope significant SNPs was 3-to 20-fold lower than the overall density of SNPs. The lowest density of differentiated SNPs was found in CDSs followed by the intronic regions whereas the UTRs showed higher density. If the interslope differentiating SNPs (F st > 0.1) were subject to differential selection regimes, one expects to find SNPs with higher differentiation in coding compared with noncoding DNA, in genic compared with intergenic DNA, whereas, if neutrality or demographic factors were prevailing, no considerable differences should be present. Indeed, there was higher interslope differentiation of CDS SNPs compared with intronic and, especially, intergenic SNPs; the most pronounced effect was on the 3R arm and the weakest on the X chromosome ( Table 2) .
A question arises whether significantly differentiated SNPs are evenly distributed along the chromosomes or, alternatively, are concentrated in a relatively small number of chromosomal regions, as one would expect for sympatric populations subjected to differentiating selection regime (29, 30) . To address this question, we compared the regional distribution of SNPs assigned by the Hidden Markov Model (HMM) analysis to the highly differentiated state with the genomic distribution of all SNPs polymorphic in the population. For intervals of 1 Mb in size, we found a rather small number of regions (1-3 Mb in size) with highly significant excess of differentiating SNPs relative to the H 0 expectation of an even distribution: 4, 2, 3, and 3 regions in X, 2L, 2R, and 3R, respectively (Fig.2 ). About 25% of the genes were found in the highly differentiated regions (Fig. 2) . We then used a finer scale with comparison of "high island" (HI) values of 10-kb intervals with the distribution of their reshuffled F st values, repeated 10,000 times, which enabled us to reveal genomic regions with significantly higher differentiation (reflected in their observed HI value) compared with random expectations. In total, 572 genes significantly different in allele frequency between the slopes (NFS vs. SFS) were found in the 10-kb HI intervals (permutation test, P < 0.0001).
Gene Ontology Term Enrichment. We identified a total of 74 significantly enriched Gene Ontology (GO) terms associated with 106 out of the 572 genes with SNP frequencies different between the slopes ( Fig. 3 and Tables S1 and S2). Remarkably, nearly 50% of them belonged to the large (at the 1-Mb window scale) islands of high differentiation, pointing to some functional relevance of the most differentiated regions (Fig. 2) . A closer examination of genes falling into the three most significant intervals of 3R revealed a number of genes contributing to important biological processes that could be responsible for interslope differentiation: CG31524 associated with oxidation-reduction process, Ir94b, Ir94c, CG31464 contributing to detection of chemical stimulus, Axn involved in a number of processes (oogenesis, imaginal disk pattern formation, heart development, phagocytosis), amon responsible for hatching behavior, mod(mdg4) regulating apoptosis; and three genes (sima, heph, and trx) involved in response to DNA damage. Especially interesting is the fact that, in a ∼60-kb region (9,069,408-9,127,928 bp) from the 3-Mb interval in 3R that showed a high excess of SNPs assigned by HMM analysis to high-differentiating state (Fig. 2) , NFS-specific SNPs were found in exons of nine genes (Ace, Ravus, Su(var)3-7, CG8449, CG8630, CG15888, Osi22, CG8773, CG8774), and four out of these nine had also NFS-specific intronic SNPs. We found 13 SNPs in Ace exonic sequences, of which two (positions 9,069,054 and 9,069,408) produce nonsynonymous changes in highly conserved sites (Fig. 4) . Representative of other SNPs in the region, nonreference alleles in the two loci were near-fixed (9069054) or fixed (9069408) on NFS whereas frequency of the alternative (reference-like) alleles was higher on SFS.
Nonneutrality Hallmarks. The analysis of Tajima's D values distribution for the same nonoverlapping 10-kb windows used in HI significance testing along the five major chromosome arms revealed a massive bias of D scores toward negative values for both slopes (Fig. 5) . D SFS and D NFS values scored for SFS and NFS data in 10-kb windows across the genome were positively correlated (Spearman rank correlation +0.81), but the analysis of D values showed highly significant differences between the slopes using nonparametric sign test: Z = 6.54 and P < 6 × 10
for the n = 1,703 intervals with pHI < 0.001, and Z = 14.53, P < 5 × 10 −18 for the remaining n = 9,428 intervals. The difference between absolute D SFS and D NFS values tended to be higher in Remarkably, D values were significantly correlated with HI values, but the sign of correlation differed between the groups of windows with pHI < 0.001 and the remaining windows, and the levels of correlation were different in D NFS and D SFS . In windows with pHI < 0.001, the rank correlation between HI and D was −0.119 (P = 8 × 10 −7 ) and −0.066 (P = 7 × 10 −3 ) for NFS and SFS, respectively, whereas, for the remaining windows, the corresponding values were +0.172 (P < 5 × 10 −18 ) and +0.183
) in NFS and SFS, respectively. The negative correlation is consistent with highly differentiated segments tending to have lower D values. By combining both criteria, namely D < −2 and significant interslope differentiation (pHI < 0.0001), we have revealed only three genomic regions potentially exhibiting strong differentiating selection. Relaxing these criteria to pHI < 0.01 and D < −1.62 (corresponding to 2.5% threshold calculated using the combined distribution of NFS and SFS D values over all 10-kb windows) enabled us to detect up to 37 regions with some indication of interslope differentiating selection and containing 62 candidate genes (Table S3 ) enriched in GO terms related to glutathione metabolism and glutathione transferase activity. Two of the GO terms belong to the metabolism of xenobiotics by cytochrome P450. Another gene from the list of 62 genes, l(3)L1231, which matches the most significant interval in 3R, is involved in intermale aggressive behavior, consistent with our previous findings on peculiarities of mating behavior observed in the flies derived from the opposite slopes of the canyon (22, 27) . Overall, positions of 14 genes from 3R, two genes from 2L, and one gene from X chromosome coincide with the significant intervals (Fig. 2) .
Variation in SNP Densities in Relation to Recombination Rate. In our previous study using D. melanogaster from EC, genetic variation of microsatellite markers decreased with marker physical distance from the centromere, a strong suppressor of recombination (21) . The association between allele number and distance from the centromere was negative but not significant whereas the correlation between allele number and recombination rate was positive and significant. In the current study, we tested, albeit indirectly, the effect of recombination on population polymorphism in the canyon for SNP sites. A highly significant positive association was found between the density of polymorphic sites in the canyon (all/kb score) for gene sequences in all five arms and local recombination rate (r) (Table S4) , corroborating the earlier findings on Drosophila and other organisms interpreted in terms of background selection and selective sweep (31, 32) . The effect was stronger for the autosomes compared with X chromosome, and for CDS and introns compared with 5′ and 3′ UTR sequences. Although r is correlated with dist (Spearman R, 0.37-0.72), these two variables reflect different aspects related to recombination rate: variation in r depends not only on the suppressing effect of the centromere on recombination but also on the effect of local hotspots of recombination and other modifiers (33) . Results imply complementary effects of two recombinationrelated scores, r and dist; for some parameter-arm combinations, these were of similar importance whereas, for others, one was predominating (Table S4 ). In general, stronger dependence on recombination parameters was observed on the autosomes compared with X chromosome and in chromosome 3 compared with chromosome 2. Increased recombination promotes higher polymorphism in the population, and the effect is higher in CDS compared with introns and in CDS and introns compared with 5′ and 3′ UTR. There was also a significant positive correlation between nucleotide diversity (pi) and recombination on all chromosomes (Spearman R correlation ranging from 0.60 on 2R to 0.87 on 2L chromosome arms, P < 0.0002) with exons and introns combined. We also examined the association of density of SNPs significantly differentiated between the slopes (parameter sig/kb) and population differentiation displayed by the parameters resulting from HMM analysis independently of the SNPs location, with the same two recombination-related parameters as above (Table S4 ). In general, the density of interslope-significant SNPs was positively associated with the distance to centromere and local recombination rate. The effect was displayed mainly by intronic SNPs on all autosomes. The association of HMM-derived differentiation scores with recombination parameters was less uniform across the chromosomes: higher effect was found on autosomes compared with X chromosome, and among the autosomes higher on chromosome 3 than chromosome 2.
Discussion
Drosophila melanogaster from Evolution Canyon belong to one of the most extensively studied natural populations of this species in the world, following the discovery of divergent oviposition temperature preferences, viability, and longevity under heat and drought stress in flies derived from the opposite slopes of the canyon (18), paralleled by similar adaptive changes in other organisms (15, 19, 34) . SFS flies tended to exceed NFS flies in basal and inducible thermotolerance after various heat shocks, and the pattern has been shown to hold across multiple generations of independent sampling over a period of more than 7 y, regardless of whether isofemale lines, synthetic populations, or inbred lines were analyzed (26, 28) . Tolerance to desiccation and starvation treatments was significantly higher in SFS than NFS lines, even after 1.5 y maintenance of flies in the laboratory (18, 35) . Additionally, SFS larvae have been observed to develop significantly slower at both normal and elevated temperatures, with the interslope difference increased in higher temperatures (35) . The results suggest that interslope difference in thermotolerance may have genetic underpinnings despite substantial migration between NFS and SFS (17) and likely gene flow. Indeed, striking variation in the regulatory region of hsp70Ba, one of at least five D. melanogaster hsp70 paralogs that encode a major inducible heat-shock protein was found in D. melanogaster from EC (21, 36) . The hsp70Ba promoter was polymorphic for a 1.2 kb P element insertion, 28 times more frequent in NFS than in SFS, reducing hsp70 expression by about 22%. Elevated levels of Hsp70 are typically beneficial for inducible thermotolerance but deleterious for growth and development (37, 38) , consistent with the pattern of increased thermotolerance and slower development of SFS-inhabiting flies. Differences were also found in expression of another heat-shock protein gene, Hsp83, after moderate, severe, and combined heat-shock treatments (35) . Expression of the Hsp83 gene was higher in NFS flies at 36°C but decreased under more severe subsequent treatments, in contrast to SFS flies whose Hsp83 gene expression spiked after severe heat shocks. Additionally, a higher level of Hsp40 expression was manifested by heat shock-treated (36°C for 1 h) SFS lines relative to NFS lines (28) .
Although single candidate gene-based surveys have proven their value in population genetic research, genome-wide approaches supported by next generation sequencing (10, 39-41) hold promise of new insights into sequence differentiation due to selection or demographic factors in populations of D. melanogaster and other organisms. For example, Kolaczkowski et al. (10) compared two northern and two southern populations from the east coast of Australia and identified distinct patterns of clinal differentiation, with strong evidence for selection acting on a number of key biological functions and pathways. Similarly, we complement the extensive phenotypic and candidate gene-oriented surveys of EC D. melanogaster with deep Illumina sequencing of entire genomes. Levels of interslope differentiation on the order of F st = 0.03 were comparable with those between distant D. melanogaster populations in Africa (41) or North America (39) .
More than 930 slope-specific SNPs were found, out of which about 250 (∼27%) were fixed on one of the slopes. Similar to Kolaczkowski et al. (10) and Fabian et al. (39) , chromosomal arm 3R seemed to be the most strongly differentiated region of the genome. Exonic sequences of nine genes were enriched in slope-specific SNPs in this region, including Ace, a key insecticide resistance locus that encodes acetylcholinesterase (AChE) (42, 43) and is capable of rapid evolution in D. melanogaster populations (43, 44) . Other genes from the ∼60 kb of the large "island" (chromosome positions from 9,069,408 to 9,127,928 bp) are represented by the dominant modifier of position-effect variegation Su(var)3-7 and its adjacent but much shorter paralog Ravus, CG8449 with Rab GTPase activator functionality, as well as CG8630 with stearoyl-CoA 9-desaturase activity. Although introns had the highest density of SNPs across all chromosomes, coding sequences had the highest statistical contribution to genome differentiation between NFS and SFS ( Table 2 ), suggesting that selection rather than drift might be in play.
Traditionally, classic (hard) selective sweeps, whereby newly arising beneficial mutations are driven to fixation, have been the most sought-after trophy in evolutionary genetic studies, and most of the current statistical approaches for the study of adaptation rely on the expected signatures of hard sweeps (45, 46) . Adaptive mutations that sweep through a population leave behind positive selection signatures, such as reduced linked neutral variation (47, 48) , increased frequency polymorphisms (49, 50) , and unusually long haplotypes associated with the beneficial mutant (51) . However, Drosophila belong to organisms that undergo recurrent boom-bust cycles dramatically reducing the longterm N e and allowing adaptation during the boom years to occur in populations of large short-term N e , making short-term evolution act primarily on preexisting intermediate-frequency genetic variants that are swept the remainder of the way to fixation, a process known as a soft sweep (43, 46 ). Tajima's D values tended to be lower in NFS than in SFS flies, which, combined with the observation that NFS also accumulated more unique SNPs, cautions against a naïve supposition that thermal stress on SFS is the only possible force driving divergence between the genomes. Gene ontology analysis of the 572 genes significantly different in allele frequency between the slopes revealed 74 enriched GO terms, such as response to stimulus, regulation of response to stress, development, and larval behavior, consistent with described phenotypic and behavioral divergence between NFS and SFS flies. One of the questions that we asked was whether genetic polymorphism in the EC was affected by recombination rates. Similar to other studies, we found a positive correlation between local recombination rate and the level of nucleotide polymorphism (31, 52, 53) , a pattern typically attributed to natural selection. This effect was more pronounced in autosomes than in X chromosome and in chromosome 3 compared with chromosome 2, also consistent with our findings of higher differentiation exhibited by chromosome 3. Increased recombination was associated with higher polymorphism across all chromosomal arms, and the effect was higher in CDS relative to introns, and in CDS and introns compared with 5′ and 3′ UTR.
Natural populations of D. melanogaster are subject to boom and bust cycles, and the Evolution Canyon population is unlikely to be an exception from the species' demography. Seasonal repopulation of the canyon will boost short-term N e and facilitate recurrent, although unstable, local adaptation complexes and interslope divergence patterns, a probable cause of the inconsistencies in microsatellite variation (ref . 21 Environmentally driven divergence may lead to incipient speciation with gene flow if three conditions are met: there is (i) an ecological source of divergent selection, (ii) a reproductive isolating mechanism, and (iii) a genetic mechanism to link divergent selection and reproductive isolation (56) (57) (58) (59) . Accordingly, we have demonstrated that (i) abiotic and biotic factors of NFS and SFS of EC can create a powerful source of divergent selection (reviewed by Nevo in refs. 15 and 60) and that (ii) mating discrimination emerges against males from the opposite slopes in D. melanogaster (20, 23) , accompanied by interslope changes in courtship song (27) and other components of sexual and reproductive behavior (22) , whereas (iii) their plausible genetic determinants, such as desaturase2 (25) and l(3)L1231 are in linkage disequilibrium with multiple genes related to stress response, development, and reproduction (current results). The Drosophila system from EC has thus all the potential to greatly advance our understanding of how local adaptations and reproductive isolation can originate despite presumed ongoing genetic exchange.
Materials and Methods
For detailed materials and methods, see SI Materials and Methods. Mapping Reads and Data Processing. Paired-end reads were filtered for minimum average base quality score of 20 and a minimum length of 50 bp. Trimmed reads were mapped to the D. melanogaster reference genome using Burrows-Wheeler aligner. Paired-end data were converted to binary alignment/map format and filtered for a minimum mapping quality of 20 using SAMtools. For each detected SNP, differentiation between populations was calculated using both F st and Fisher exact test. Footprints of natural selection were detected using Tajima's D calculated over nonoverlapping 10-kb windows along chromosome arms.
Detection of Interslope Selective Differentiated Genomic Regions. Hidden Markov Model (HMM) analysis in R was used to discriminate between the distributions of three hidden states corresponding to high, moderate, and low interslope differentiation, and to assign each SNP to a corresponding state, using interslope F st values. To search for high differentiation regions along chromosome arms, we used 10-kb nonoverlapping windows. For each window, the level of differentiation was represented by two parameters, LI = nL/nT ("low island") and HI = nH/nT ("high island"), where nT is the total number of SNPs within each window whereas nH and nL are the numbers of SNPs assigned in the HMM step to either high-or lowdifferentiation states, respectively. Following this step, a permutation test was conducted to detect genomic regions with significant enrichment of HI scores.
GO Term Analysis.
To study the biological significance of genes under diversifying selection, an enrichment analysis of gene ontology (GO) terms was conducted with the Bioconductor package goseq, which accounts for the gene-length bias. Genes located in genomic regions found to be under differentiation between slopes (HI) were further tested for their association with the detected differentiation. For each SNP within each gene, a Fisher exact test was performed, and the proportion of significantly differentiated SNPs (P < 0.01) was recorded for each gene.
Effects of Recombination.
The effect of recombination was tested based on the local recombination rates using data from Marais et al. (61) , represented by the score r, cM/Mb, and physical position of the gene loci in the chromosome sequence relative to the centromere (dist, Mb) known as strong suppressor of recombination ("centromeric effect") (see review in ref. 33 ). The two variables, r and dist, allow taking into account the centromeric effect and local variation of recombination superimposed on the centromeric effect.
